Abstract: Extensive development in the Canadian River watershed in New Mexico and Texas occurred in the 20 th century to supply water for irrigation, and municipal and industrial uses.
INTRODUCTION
The Canadian River is the largest tributary of the Arkansas River in the United States, flows approximately 1500 km from Colorado to eastern Oklahoma and has a watershed of over 122,000 km 2 . Starting early in the 20 th century, the flow of the Canadian River watershed has been managed through dams and diversions as a water source for both agricultural and municipal uses in New Mexico and Texas. Eagle Nest Lake, an impoundment on the Cimarron River, a tributary of the Canadian River, was the first major dam to be constructed in the watershed in New Mexico and Texas when it was completed in 1918 ( Fig. 1) , and its original purpose was to supply irrigation water for area ranchers. The next dam to be completed in 1939 was Conchas Dam near Conchas, New Mexico, about 50 km downstream of the confluence of the Cimarron and Canadian Rivers (Fig. 1) . In 1954, Bureau of Reclamation completed the construction of channels and control structures ( Fig. 1) to transport water from Conchas Dam to farmland near Tucumcari, New Mexico, approximately 80 km east of Conchas and management of the irrigation project was assumed by Arch Hurley Conservancy Districit (AHCD). Since then, water from Conchas Lake has been used to irrigate a maximum of 17,000 ha of cropland. Water available annually to AHCD is determined by the U.S. Army Corp of Engineers based on amount of the water in storage in Conchas Lake and anticipated inflow based on estimates of snow melt and precipitation forecasts [1, 2] . The amount of water available annually to AHCD has varied over time from 0 to greater than 120,000,000 m 3 [1, 2] . Some of the area supplied with irrigation water by AHCD drains into Ute Lake, while the majority of the irrigated area is in the Revuelto Creek (RC) watershed (Fig. 2) . RC flows into the Canadian River below Ute Lake. The primary land cover within the RC watershed is rangeland (Fig. 2) .
The Canadian River Compact that was adopted in 1950 limited further development of impoundments in the Canadian River watershed [3] . The compact stated that New Mexico had unrestricted use of all waters originating above Conchas Dam and was authorized to create an impoundment or series of impoundments below Conchas Dam with maximum aggregated storage of 246,000,000 m 3 . The State of New Mexico used its right in the compact to construct Ute Lake ( Fig. 1 ) beginning in 1962 [4] . Ute Lake and its surrounding area have been incorporated into a state park and recreation is the primary use of the lake. In the future, up to 20,000,000 m 3 from Ute Lake will be used as water supply for towns in eastern New Mexico [5] .
Texas utilized its right under the Canadian River Compact to construct Lake Meredith, which was designed, built and completed in 1964 by the Bureau of Reclamation. Canadian River Municipal Water Association since 1965 has Fig. (1) . Canadian River Watershed in Texas and New Mexico upstream of Lake Meredith. The boundary of the Canadian River watershed is depicted by a dark grey line. The Revuelto Creek hydrologic unit depicted as tan shading. The major tributaries and the Canadian River are depicted as blue lines. Locations of the four major reservoirs are identified as such: ENL, Eagle Nest Lake; CL, Conchas Lake; UL, Ute Lake; and LM, Lake Meredith. The major channels of the Arch Hurley Conservancy District are depicted as red lines. The arrow depicts north. The northern and southern edges of the surrounding rectangle represent latitudes of 37.5o and 34.5o, respectively. The eastern and western edges of the surrounding rectangle depict longitudes of -101.3o and -105.9o, respectively. managed water from Lake Meredith and the Ogallala Aquifer to supply 11 cities and towns on the Texas High Plains. It was intended that Lake Meredith would reliably supply over 120,000,000 m 3 of water annually. Lake Meredith supplied on average 80,000,000 m 3 of water for municipal uses during the 1990's, but deliveries declined throughout the 2000's reaching a low of less than 9,000,000 m 3 during 2011 because of low water volume in storage in the reservoir [6] . Low water storage in Lake Meredith is not fully understood. Several studies have been commissioned to determine rea-sons for reduced streamflow in the Canadian River between Ute Lake and Lake Meredith, and concomitant storage in Lake Meredith. All of these studies have focused on changes in the watershed between Ute Lake and Lake Meredith, and ignored possible water input from AHCD.
The Soil Water Assessment Tool (SWAT) was developed to model the impact of changes in land use practices on hydrologic processes and the fate of agricultural chemicals in large watersheds [7] . After the development of SWAT, the model was modified into an ArcGIS-ArcView extension and interface, called ArcSWAT. The capabilities of ArcSWAT have been expanded over time including the development of an algorithm to schedule farming operations including irrigation during the simulations. ArcSWAT has successfully simulated the effects of irrigation demand and supply on hydrologic processes in several watersheds differing in geography, climate, soils and crops [8, 9] . Therefore, ArcSWAT appears to be a tool to investigate the effects of changes in land use and irrigation operations on the hydrologic processes of a watershed. The objectives of this study were to: 1) document changes in streamflow out of RC watershed; 2) determine the association between water supply to AHCD and streamflow out of RC watershed; and 3) determine if ArcSWAT can accurately account for changes in streamflow with changes in land use and irrigation allotments.
MATERIALS AND METHODOLOGY

Data Collection
Daily mean streamflow data for RC (gage 07227100) were obtained from the U.S. Geological Survey website [10] . This gage is located at N35.3444 and W103.3896 and approximately 200,000 ha contribute to the drainage area measured at the gage. The gage is located approximately 2 km from the confluence of RC and the Canadian River. As such, more 99.9% of the drainage area of the RC watershed is upstream of the gage. Daily mean flows in cubic feet per second (cfs) were summed within each year and reported herein after being converted to m 3 per year. Daily precipitation (PRCP) data were downloaded from the National Climate Data Center [11] and aggregated into monthly or annual sums from three weather stations (Tucumcari, San Jon, and Ragland, New Mexico) located near or within the RC watershed.
Shapefiles of the hydrologic units of the Canadian River from its headwaters to Lake Meredith and the river's major tributaries including RC were downloaded from the US Department of Interior [12] . Land cover data from 2006, 2001, 1992 and 1980 were downloaded from Multi-Resolution Land Characteristics Consortium [13] . The land cover datasets from 2001 and 2006 were derived from several satellite images collected between early spring and late fall of the calendar year of the dataset [14] [15] [16] . The land cover datasets for 1980 and 1992 were derived from multiple satellite images collected from 1979 to 1981, and 1990 to 1992, respectively [17, 18] . Land cover raster cells were clipped to the RC watershed using the appropriate hydrologic unit shapefile. Each raster cell was re-classified into seven land cover classes: urban/developed, rangeland, brushy rangeland, cropland (hay fields plus cropland), barren, water, and wetlands using ArcGIS 9, ArcMap version 9.3 [19] to assess the possibility that land cover changes had occurred from 1980 to 2006. Authors of the National Land Cover Database (NLCD) warned against comparing land cover changes from 1992 and 2001 because of differences in the methodology and land cover classes among these products [14, 15] . Therefore, to confirm possible changes in land cover between 1999 and 2006, the retrofit land cover products from 2006 and 2001 were downloaded [13] and analyzed using ArcMap by a similar protocol.
Data from the agricultural census for Quay County, New Mexico were obtained from NASS-USDA [20] . The entire RC watershed is within Quay County; however, there is a substantial portion of Quay County that is outside of the RC watershed.
ArcSWAT Simulations
ArcSWAT [7] was used to simulate the effects of changes in land cover and water available for irrigation on streamflow out of the RC watershed. The specific version of ArcSWAT used in this study was ArcSWAT 2005, version 2009.93.3 beta, released January 27, 2010, version number 414 [21] . Digital elevation maps (DEM) for Quay County, New Mexico were obtained from the NRCS Geospatial Data Gateway [22] . A shapefile of a rectangular mask encompassed the entire RC hydrologic unit and 80 km buffer area was created in ArcMap. Both NLCD 2001 land cover map for Region 7 and Quay County DEM were clipped to the rectangular mask and projected as Albers Equal Conical Areas. Land cover was classified as urban, cropland, mixed rangeland, herbaceous rangeland, or mixed forest. The STA-TSGO soils raster file from the ArcSWAT database was also clipped and projected as Albers Equal Conical Areas. These three files were inputs for ArcSWAT. The DEM-based routine was used to determine the stream locations and the shape of the watershed. The watershed was divided into nine sub-basins. The resulting stream reaches and watershed boundaries approximated those obtained from the U.S. Geological Survey (data not shown).
During the delineation of hydrological response units (HRU) in ArcSWAT, land cover category for urban was defined as urban, medium to low density. Cropland was subdivided to be 50% generic row crops and 50% hay fields. The division of the cropland into these categories was based on National Agricultural Census data from 1997 and 2002 [20] . Slopes were classified into three categories, <1%, 1-3% and >3%. Limits of 10% for slope and soils were used for the final HUR assignments. This delineation procedure resulted in 280 HRU. This protocol resulted in the maximum number of ha being assigned to cropland category and approximated cropland ha in the 2001 and 2006 NLCD (data not shown).
Four of the nine sub-basins had cropland receiving irrigation from the AHCD. For these basins, the management operations for generic row crops were amended as follows. For the period from 1991 to 1998, a manual irrigation regime was incorporated into both the hay and generic row crop operations to provide 500 mm of irrigation water from a source outside of the watershed with a uniform distribution over the growing season. For the period from 2001 to 2008, no irrigation was incorporated into the generic row crop management operations. For this later period, the hay operation was modified to provide two irrigation events, totaling 100 mm. These irrigation allotments were based on the mean annual irrigation allotment available to AHCD [1, 2] . The rationale for allotting the irrigation water to hay fields in 2001 to 2008 was: farmers would choose to support their investment in a perennial crop prior to incurring expenses for annual row crop production. Daily PRCP data from three weather stations (Tucumcari, San Jon and Ragland) were used as inputs to ArcSWAT. Other weather parameters were simulated using the data in the ArcSWAT weather database. Simulations were run with a three-year warm-up period (no output) and a five-year test period. Output was in terms of monthly water budget and streamflow.
Correlation coefficients among variables and regression equations among dependent and independent variables and the equation's associated R-squares, adjusted R-squares, and Fvalues were determined using PROC CORR and REG [23] .
RESULTS
Streamflow of Revuelto Creek from 1961 to 2009
Long term weather data are available from three stations in or immediately adjacent to the RC watershed: Ragland, San Jon and Tucumcari. When the values for total annual PRCP from each station were regressed against the other, Rsquares for the regression equations varied from 0.678 to 0.807 ( Table 1) . These results indicated that total annual PRCP data from each station were indicative of the results from the other two. Therefore, further analyses used the mean total annual PRCP from the three stations.
Total annual PRCP in the RC watershed averaged approximately 947,000,000 m 3 from 1961 to 2009, and varied from a low of approximately 678,000,000 m 3 in 1964 to a high exceeding 1,400,000,000 m 3 in 1991 (Fig 3A) . A sustained period of below average total annual rainfall occurred in the 1960's and 1970's as evident by the low values for the 5-year running average (Fig. 3A) . PRCP from 2000 to 2009 averaged 923,000,000 m 3 compared to the long-term mean of 947,000,000 m 3 .
Amount of water made available by AHCD for irrigation averaged approximately 88,800,000 m 3 from 1961 to 2009 (Fig. 3B) , but varied considerably during this time period. Since some of the lands receiving water from the AHCD are outside of the RC watershed (Fig. 2) , not all of this allotment is an input to the watershed. Available irrigation water ex- Fig. (3A  and 3B) suggested that years of low streamflow out of RC watershed were associated with low total annual PRCP and/or low irrigation allotments.
The relationships between streamflow out from RC watershed and total annual PRCP and irrigation allotments were explored in greater depth using regression analyses. Rsquares among annual values for total PRCP, irrigation allotment, the mathematical mean of annual irrigation allotment and annual PRCP and outflow from RC were determined. Regression equations to predict outflow (dependent variable) were highly significant (Table 2) when the independent variable was either total annual PRCP (R-square = 0.486, P < 0.001) or the sum of the annual irrigation allotment and PRCP (R-square = 0.526, P < 0.001). There was a slight tendency for outflow to be associated with the annual irrigation allotment (R-square = 0.059, P = 0.088). The sum of irrigation allotment and PRCP was highly correlated with the annual PRCP (R-square = 0.937, P < 0.001) but not with the annual irrigation allotment (R-square = 0.020, P > 0.10 level).
The equation with the highest R-square was a linear model including two terms, one for annual PRCP and the other for the annual irrigation allotment ( Table 2) . Backward elimination regression analyses to predict outflow (dependent variable) starting with independent variables of total annual PRCP, annual irrigation allotment, and sum of PRCP and irrigation allotment resulted in a two component model consisting of irrigation allotment and total PRCP. One reason for the greater R-square for the two-term model may be that the slopes for PRCP and irrigation allotment were significantly different. These results support the visual trends in Fig. (3) , that is, low streamflow from the RC watershed was associated with both low total annual PRCP and irrigation allotments.
Changes in Land Cover 1980 to 2006
Between 1980 and 2006, rangeland has been the dominant land cover in the RC watershed ( Table 3) . Mixed and herbaceous rangeland occupied approximately 170,000 ha in 1980 and increased between 1980 and 2001 to approximately 196,000 ha. The distribution between mixed and herbaceous rangeland changed dramatically between the 1980 and 1992 databases. In 1980, mixed rangeland was the dominant land cover as compared with herbaceous rangeland in 1992. There was no retrofit product to compare the 1980 and 1992 database; therefore, it is not known if this shift between the two rangeland classes reflects a change in land cover or a change in methodology to prepare the land cover data bases. The retrofit product comparing the 1992 and 2001 land cover database does not discriminate between the two type of rangeland; so conclusions regarding the increase in mixed rangeland between 1992 and 2001 are speculative. The 1980 NLCD database indicates a relatively high coverage by forest, approximately 20,000 ha ( Table 3) . The soil survey created in the 1970's does not mention any significant forested areas occurring in the studied area [24] . Therefore, the relative high number of ha assigned to forest land cover in 1980 may reflect an inability to differentiate mixed rangeland from the forest cover class in the study area. +, *** Denotes significance at P < 0.1 and P < 0.001, respectively (Table 3 [20] . Distribution of crops within the irrigated area also changed over this time period. In 1987, irrigated cropland (7,700 ha) exceeded irrigated alfalfa (3,700 ha) and irrigated other hay crops (2,100 ha). By 2002, irrigated alfalfa acreage (2,700 ha) was half that of irrigated other hayfields (5,400 ha). Therefore, the decreases in water available for irrigation from the AHCD were associated with decreases in irrigated ha and a shift from alfalfa to other hay crops.
ArcSWAT Simulations
The ability of ArcSWAT to simulate the effects of changes in irrigation allotments to AHCD on outflow from the RC from 1991 to 2008 was chosen because there was a large decrease in water available for irrigation in the watershed during this time period [1, 2] . The simulation procedures described in the Materials and Methods were able to provide a prediction of outflow from the RC watershed that was similar to the observed monthly outflows (Fig. 4) . The largest departure of actual to simulated values occurred for the greatest monthly outflows that occurred during the 1990's. When the predicted values from the two simulations based on historical allotments for irrigation were compared to actual flow values, the resulting regression model had Fvalue of 611.6 (P < 0.001) and R-square of 0.838 ( Table 3) . The Nash-Sutcliffe value [25] was 0.79 comparing observed versus predicted monthly flows in Fig. (4) .
Irrigation allotments were varied in other simulations to test the hypothesis that the use of historical values for irrigation allotments would produce the ArcSWAT simulations of stream outflow with the highest R-square and F-value. When no irrigation was included in the simulation for 1994-1998, the F-value and R-square for the regression model between actual and simulated was still highly significant (P < 0.01), but the model's F-value and R-square were substantially less, 47.1 and 0.448, respectively ( Table 4) ArcSWAT simulations were conducted following the described protocols and historical irrigation allotments for the 1991 to 1999 and 2001 to 2008 time periods except that all the rangeland was assigned to either 100% brushy rangeland or 100% herbaceous rangeland. Simulated values for outflow from RC water under these two extreme characterizations of the rangeland were within 3% of those when the rangeland was classified according to the 2001 National Land Cover Database (data not shown).
DISCUSSION
Interest in the RC watershed is twofold. First, RC watershed is a microcosm for important changes that are occurring throughout the Southern High Plains. Water available for irrigation in many places on the Southern High Plains has already declined or will be decreased in the near future due to either decreases in the groundwater storage in the Ogallala Aquifer or changes in water policies. Significant depletion of the groundwater in the Ogallala Aquifer has been noted in various parts of the Southern High Plains including areas in the the states of Colorado, Kansas, New Mexico and Texas [26] . In some areas sufficient depletion has occurred to curtail irrigation. In other parts of Texas, groundwater management districts are establishing restrictions on the amount of groundwater that farmers can withdraw [27] . These restrictions are so that the districts can meet desired future condition for the Ogallala Aquifer that was set by the water planning groups in 2010 [28] . A desired future condition is a target for what a specific aquifer will be 50 years into the future. For a large part of the Ogallala Aquifer in Texas, the desired future condition agreed upon in 2010 was that 50% of the water storage in 2010 would be remaining in 2060. Established from this 50% desired future condition has essentially reduced the supply of water for irrigation in the region by half [28] . How this decrease in irrigation will affect the region's hydrology is not known, but trends from the RC watershed may be useful since irrigation water availability has declined significantly in the past 20 years. Another trend that is occurring on the Southern High Plains that RC may model is the effects of brush intrusion into short grass prairie on hydrology.
A second reason for examining hydrologic trends in the RC watershed is its effects on streamflow in the Canadian River watershed downstream of Ute Lake and as a possible source of water for storage in Lake Meredith. As mentioned earlier, Lake Meredith was created as a regional water supply for 11 cities and town on the Texas High Plains; however, due to low water storage, Lake Meredith has supplied only a fraction of the water needed by these municipalities in recent years [6] . Previous studies to determine reasons for reduced streamflow in the Canadian River between Ute Lake and Lake Meredith have not considered changes in hydrology upstream of Ute Lake [29, 30] . One the objectives of this study was to determine if water withdrawn from Conchas Lake for irrigation in the AHCD contributes to streamflow in the Canadian River watershed below Ute lake.
Streamflow out of the RC watershed has varied greatly from 1961 to 2009 (Fig. 3) . Annual outflow was positively correlated with the total annual PRCP and with a twocomponent linear model including separate terms for PRCP and the irrigation allotment to AHCD ( Table 2 ). In the twocomponent linear model, the slope between outflow and input was almost twice as great for the irrigation allotment compare with the annual precipitation, 0.087 versus 0.152. The best correspondence between observed outflow and values simulated by ArcSWAT occurred when historical values for the irrigation allotment were incorporated into the management operations for the cropped land ( Table 4) . These results indicated that outflow from the RC watershed was positively associated with total annual PRCP and allotments to the AHCD irrigation project. These results suggest that decreases in streamflow may occur throughout the Southern High Plains as less irrigation water is applied in the future.
Little change in simulated outflow from RC watershed occurred with changes in the assignment of rangeland to various sub-categories of rangeland. These results suggested that invasion of brush into the rangeland has little effect on the amount of water transferred to the creek. Brush invasion into rangeland had been suspected as a cause for decreased water flow into the Canadian River between Ute Lake and Lake Meredith [29, 30] . However, Rainwater et al. [31] concluded that invasion of rangeland by upland brushy vegetation probably had little effect on runoff or infiltration of rainfall beyond the rooting depth of plants. The results in this report do not support the hypothesis that brush intrusion into the rangeland has been responsible for lower river flows. These analyses do not pre-occlude the possibility that brushy tree species, like salt cedar (Tamarix species), growing immediately adjacent to the waterway decrease water in the streambed in between rain events and that more rain or runoff was needed to fill these depressions before streamflow attains a minimum value.
These results have implications regarding streamflow in the Canadian River downstream of Ute Lake and ultimately as storage in Lake Meredith. In years when the irrigation allotments to ACHD exceeded 120,000,00 m 3 , like from 1991 to 1998, the annual outflow from RC averaged almost 46,000,000 m 3 compared to 23,000,000 m 3 from 2001 to 2008 when the irrigation allotments were substantially less. This suggests that irrigation water from Conchas Lake allotted to the AHCD provided on average approximately 23,000,000 m 3 to the Canadian River downstream of Ute Lake and upstream of Lake Meredith. There was also a positive association between years with allotments to ACHD exceeding 120,000,000 m 3 and releases from Ute Lake into the Canadian River (data not shown). 
CONCLUSION
The results in this study indicated that changes in irrigation volume applied had a greater effect on streamflow in RC watershed than conversion of grassland to brushy rangeland. These results also suggest that flow of the Canadian River into Texas is more likely to be greater in those years when more water is available in the watershed above Ute Lake, due to direct releases from Ute Dam and indirectly from the movement of irrigation water on cropland in the AHCD into RC and then in turn into the Canadian River below Ute Dam. These results also indicate that water planners and managers of Lake Meredith need to account for changes in hydrology in the Canadian River watershed upstream of Ute Lake, in addition to changes in the watershed between Ute Lake and Lake Meredith.
